
DOE/ID/12079-42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DOE/ ID/120 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 9--4 2 

DE82 0 1 9 9 4 9  

Se l f -Potent ia l  Modeling from Primary Flows 

!4 i l l i am zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. S i l l  

Department o f  Geology and Geophysics 

U n i v e r s i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Utah 

S a l t  Lake City,  Utah 

March 1981 

Work performed under cont rac t  number DE-AC07- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ID12079 

f o r  Department o f  Energy, D i v i s i o n  o f  Geothermal €nergy 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



NOTICE 

This r e p o r t  was prepared t o  document zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwork sponsored by t h e  Uni ted Sta tes  

Government. Nei ther  t h e  Uni ted States nor i t s  agent, t h e  Uni ted States 

Department o f  Energy, nor any Federal employees, nor any o f  t h e i r  con t rac tors ,  

subcontractors  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor t h e i r  employees, makes any warranty, express or imp1 ied, or 

assumes any l e g a l  l i a b i l i t y  or r e s p o n s i b i l i t y  f o r  t h e  accuracy, completeness, 

or usefulness o f  any in format ion,  apparatus, product or process disclosed, or 

represents  t h a t  i t s  use would not  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  

NOTICE 

Reference t o  a company or product name does not  imply approval or 

recommendation o f  t h e  product by t h e  U n i v e r s i t y  o f  Utah or t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU.S. Department 

o f  Energy t o  t h e  exc lus ion o f  o thers t h a t  may be s u i t a b l e .  



C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANTE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN TS 

PAGE 

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

Coup1 ed F1 ows . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

Numerical Yodel i ng . . . . . . . . . . . . . . . . . . . . . . . .  9 

Model Resul ts  . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

F i e l d  Example . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1  

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . .  22 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 



ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A new method f o r  t h e  c a l c u l a t i o n  of s e l f  p o t e n t i a l s  ( S O )  based on 

induced cu r ren t  sources i s  presented. The induced c u r r e n t  sources a r e  

due t o  divergences o f  t h e  convect ive c u r r e n t  which i s  d r i ven ,  i n  t u r n ,  

by a pr imary f low,  e i t h e r  heat o r  f l u i d .  Numerical modeling u t i l i z i n g  

t h i s  method has been implemented us inq  a two-dimensional t ransmiss ion  

sur face a lgor i thm.  !Jhen t h e  pr imary f l o w  i s  d r i v e n  by t h e  q rad ien t  o f  

a p o t e n t i a l ,  j o i n t  mode i n g  o f  t h e  primar.y f low and t h e  r e s u l t a n t  SP 

i s  poss ib le  wi th  t h i s  a gorithm. 

Examples o f  s imple geometr ical  m d e l s  i n  t h e  presence o f  p o i n t  

sources f o r  t h e  pr imary f low a r e  presented and discussed. L a s t l y ,  a 

f i e l d  example o f  t he  j o i n t  modeling of temperature and SP data i s  

i l l u s t r a t e d  w i t h  da ta  from Red H i l l  Hot Spr ing,  Utah. 
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INTROQUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The s e l f  p o t e n t i a l  ( S P )  method i s  based on t h e  measurement o f  

na tura l  1 y occu r r i ng  p o t e n t i a l  d i f f e rences  qenerated main1 y by 

e lect rochemical  , e l e c t r o k i n e t i c  and the rmoe lec t r i c  sources. 

m u l t i p l i c i t y  o f  sources can be e i t h e r  an advantage o r  a disadvantage. 

On t h e  one hand, a number o f  phenomena can be s tud ied  w i t h  t h e  

techniques and, on t h e  o ther  hand, t h e  p o s s i b i l i t y  of a number o f  

d i f f e r e n t  sources can sometimes be confusing. 

The 

There has been a m i l d  resurgence i n  t h e  use o f  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASP method i n  

geothermal e x p l o r a t i o n  (Corwin and Hoover, 1979), i n - t h e  s tudy o f  

earthquake re1 ated phenomena ( F i  tterman, 1978; Corwi n and Morr ison, 

1977), and i n  engineer inq a p p l i c a t i o n s  ( O q i l v y  e t  a l . ,  1969; 

Bogoslovsky and Ogi lvy,  1973). 

Older methods o f  i n t e r p r e t a t i o n  were mos t l y  based on p o l a r i z e d  

spheres (de  ' l i t t e ,  1948; Yungul, 1950) o r  l i n e  d i p o l e  c u r r e n t  sources 

(Mei ser  , 1962; Paul, 1965). A1 though these techniques a re  useful ,  

t hey  prov ide  l i t t l e  i n fo rma t ion  about t h e  na ture  o f  t h e  pr imary 

sources. Nourbehecht (1963), drawing on t h e  e a r l i e r  work o f  Marsha l l  

and Madden (1959), d iscussed t h e  source nechanismr i n  d e t a i  1 and 

provided a technique f o r  t h e  s o l u t i o n  of coupled f l o w s  which 

incorpora ted  t h e  pr imary d r i v i n g  p o t e n t i  a1 . Y i  s so l  u t i  on i s  

formulated i n  terms o f  a t o t a l  (pseudo) p o t e n t i a l  composed o f  t h e  

e l e c t r i c  p o t e n t i a l  and t h e  weighted pr imary  source p o t e n t i a l  

(pressure,  temperature, concent ra t ion) .  I n  t h i s  fo rmula t ion ,  t h e  

t o t a l  (pseudo) p o t e n t i a l  depends o n l y  on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt ' le  value o f  t h e  pr imary 
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p o t e n t i a l  a t  t h e  boundaries where there  i s  a change i n  t h e  c o u p l i n q  

parameters, and i t s  value i n s i d e  t h e  var ious  media i s  immater ia l .  

Unfor tunate ly ,  t h i s  aspect o f  t h e  t o t a l  (pseudo) p o t e n t i a l  method has 

sometimes l e d  t o  t h e  neg lec t  o f  t h e  d e t a i l s  o f  t h e  pr imary f low,  

r e s u l t i n g  i n  some c a l c u l a t i o n s  f o r  i nappropri a t e  model zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs as w i  11 be 

discussed i n  a subsequent sect ion.  

The purpose o f  t h i s  paper i s  t o  present an a l t e r n a t i v e  method f o r  

t h e  s o l u t i o n  o f  coupled f l o w  problems t h a t  e x p l i c i t l y  models b o t h  t h e  

pr imary f l o w  and t h e  induced secondary e l e c t r i c  p o t e n t i a l s  ( j o i n t  

modeling). The use o f  t h i s  technique w i t h  a two-dimensional (2-0) 

a l g o r i t h m  f o r  p o t e n t i a l  problems provides a new f l e x i b i l i t y  i n  t h e  

modeling o f  SP data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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COUPLED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFLOWS 

The general equat ion f o r  coupled f l o w s  can be w r i t t e n  (Yarsha l l  

and Madden, 1959; Nourbehecht , 1963) 

where t h e  f l u x e s  r i  (charge, mat te r ,  heat, etc.)  a r e  r e l a t e d  t o  t h e  

var ious  fo rces  X j  (g rad ien ts  o f  e l e c t r i c  p o t e n t i a l ,  pressure, 

temperature, e tc . )  through t h e  coup l ing  c o e f f i c i e n t s  

( " c o n d u c t i v i t i e s " )  L i  j. 

f lows,  we a re  concerned w i t h  secondary e l e c t r i c  cu r ren t  f l ows  and 

p o t e n t i a l s  which a r e  d r i v e n  b y  some o the r  pr imary f low.  When t h e  

e f f e c t s  o f  t h e  secondary e l e c t r i c  p o t e n t i a l s  on t h e  pr imary  f l o w  a r e  

smal l  , t h e  p r imary  f l o w  equat ion i s  decoupled and t h e  r e s u l t i n g  

equat ions are  

Fo r  many p r a c t i c a l  a p p l i c a t i o n s  o f  coupled 

whereI '1 i s  t h e  pr imary f l o w  ( s o l u t i o n  f l u x ,  heat f l u x ,  etc.) ,  L 1 1  i s  

t h e  pr imary c0nduct iv i t . y  (permeab i l i t y ,  thermal conduc t i v i t y ,  e tc . )  

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  t h e  pr imary p o t e n t i a l  (pressure,  temperature, e tc . )  , JTot-1 

i s  t h e  t o t a l  e l e c t r i c  cu r ren t ,  L21 i s  t h e  c ross  coup l i ng  

"conduc t i v i t y " ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 i s  t h e  o rd ina ry  e l e c t r i c a l  c o n d u c t i v i t y  and 0 i s  

t h e  e l e c t r i c  p o t e n t i a l .  The decoupled pr imary  f l o w  problem (equat ion  

2) can be solved senara te ly  and used i n  t h e  s o l u t i o n  o f  t h e  e l e c t r i c a l  

f l o w  problem (equat ion 3) .  As noted i n  t h e  i n t r o d u c t i o n ,  one 
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technique f o r  t h e  s o l u t i o n  of equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 makes use of t h e  t o t a l  

(pseudopotent ia l )  p o t e n t i a l  $ , where $ = $ + L~IY, / a  . The 

technique used i n  t h i s  paper makes use of a d i f f e r e n t  approach. 

S t a r t i n g  w i t h  equat ion 3, we note  t h a t  t h e  f i r s t  term i s  a 

"convect ion" cu r ren t  d r i v e n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby t h e  pr imary f l o w  and t h e  second te rm i s  

t h e  usual conduct ion c u r r e n t  d r i v e n  by  t h e  grad ien t  of t h e  e l e c t r i c  

p o t e n t i a l .  Using t h i s  approach, we can w r i t e  equat ion 3 as 

I f  no ex terna l  cu r ren t  sources a r e  imposed and we have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9C c o n d i t i o n s  

( i  .e. a p / a  t = 0)  , then  t h e  t o t a l  c u r r e n t  i s  divergenceless 

( V 'JTotal = 0) and 

Thus t h e r e  a r e  sources (non-zero divergence) o f  conduct ion c u r r e n t  

wherever the re  are  grad ien ts  o f  t h e  cross coup l ing  c o e f f i c i e n t  

p a r a l l e l  t o  t h e  pr imary f l o w  ( f l o w  perpendicu lar  t o  boundar ies) o r  

wherever t h e r e  a re  sources o f  t h e  nr imary  f low.  

conduct ion c u r r e n t  g iven  b y  t h e  r igh t -hand s i d e  o f  equat ion 7 can then  

The sources o f  t h e  

be used t o  determine t h e  r e s u l t a n t  e l e c t r i c  p o t e n t i a l ,  4 . There i s  

a l s o  a s i m i l a r i t y  between equat ion 3 and t h e  bas ic  equat ions o f  

magnetostat i  cs  and e l  e c t r o s t a t i c s  i n  mater i  a1 media. For  exampl e , i n 

t h e  case o f  rnagnetostatics, JTota l  i s analogous t o  8 (d iverqencel  ess)  , 

-LZ iV<  i s  takes t h e  p lace o f  t h e  induced magnet izat ion 9l and - aV$ 

5 



analogous t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv H. Recal l  t h a t  i n  magnetostat ics,  V - M  g ives  r i s e  t o  

magnetic charge dens i t i es ,  j u s t  as i n  t h e  coupled f l o w  problem V 

- (L21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO r ;  ) gives r i s e  t o  cu r ren t  dens i t i es .  

The use o f  t h i s  analogy i s  somewhat l i m i t e d  by  t h e  f a c t  t h a t  i n  

geophysical app l i ca t i ons  we deal w i t h  t h e  boundary c o n d i t i o n  o f  zero  

normal component o f  t h e  t o t a l  c u r r e n t  f low a t  t h e  a i r - e a r t h  i n t e r f a c e .  

The analogous boundary c o n d i t i o n  on normal B i s  no t  commonly used i n  

magnetostat ic  problems. However, s ince  many geophys ic is ts  a r e  f a m i l a r  

wi th  magnetostat ics,  t h i s  analoqv should p rov ide  some i n t u i t i v e  

f e e l i n g  f o r  t h e  form o f  t h e  induced e l e c t r i c a l  f l ows  i n  coup l inq  

problems, i f  t h e  s l i g h t l y  d i f f e r e n t  boundary cond i t i ons  are  taken i n t o  

account. 

The use o f  equat ion 7 and t h e  na ture  of t h e  coup l ing  c o e f f i c i e n t  

can be demonstrated f o r  t h e  case o f  un i fo rm pr imary f l o w  perpend icu la r  

t o  plane boundaries (F iqu re  1) .  A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = o,h, t h e r e  a re  planes of 

c u r r e n t  sources. 

reg ions 1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3,  t he  s o l u t i o n  of t h i s  problem qives constant  

p o t e n t i a l s  i n  regions 1 and 3 and a l i n e a r l y  i nc reas ing  p o t e n t i a l  i n  

Using t h e  boundary cond i t i ons  of no c u r r e n t  f l o w  i n  

reg ion  2. 

reg ion  2 d r i v e s  a c u r r e n t  t h a t  e x a c t l y  cancels  t h e  convect ion c u r r e n t  

(Le1 V C  ) and t h e  t o t a l  cu r ren t  i s  zero everywhere. 

The constant  e l e c t r i c  f i e l d  (E = - V $  = L21VC / a  ) i n  

Th is  geoqetry o f  f l o w  i s  s i m i l a r  t o  t h a t  used i n  t y p i c a l  

l abo ra to ry  measurements of coup l ing  c o e f f i c i e n t s .  For  example, i f  t h e  

grad ien ts  o f  p r imary  and e l e c t r i c  p o t e n t i a l  ( o r  t h e  p o t e n t i a l  drops)  

a re  measured under t h e  cond i t i ons  of zero t o t a l  cur ren t ,  then t h e  

r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



gives the voltage coupl ing coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C21) i n  units of volts per 

unit o f  primary potential. 

measured ( o r  the current i s  measured under the conditions of zero 

potent ia l ) ,  then the current coup1 i n g  coefficent (L21) can be 

determined. 

I f ,  in addition, the conductivity i s  

For f l u i d  flow, the primary potential i s  pressure and the 

coefficient C21 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-(V$ / V P ) I  VJTot-1 = 0 i s  known as the streaminq 

potential coefficient. The alternative measurement L21 = - ( JTo ta l /  V 

P) I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'74 = 0 gives the streaming current coefficient. 

measurement technique i s  easier,  voltage couplinq coefficients are 

more commonly reported i n  the l i terature and they wi l l  be used i n  the 

model i ng t h a t  f o l l  ows. 

Secause the 

For simple problems w i t h  ana ly t i c  solutions, there are no 

part icular advantages t o  using equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 compared t o  the use of 

pseudopotentials. 

the use of numerical techniques, the application of equation 7 i s  

straightforward and the solution of the coupled problem ( 3 )  requires 

no more than  the solution of another potential problem. The f i rs t  

However, f o r  more complicated problems requ i r ing  

step i s  t o  use an appropriate program t o  solve the primary potential 

probleq ( f lu id  flow, heat flow, etc.) .  The second step consists of 

using the primary potential solution alonq w i t h  a model f o r  the 

cross-coup1 i n g  coefficients t o  calculate the sources fo r  the e lec t r i c  

problem from equation 7 .  The f i n a l  step makes use of the current 

7 



sources a long w i t h  an e l e c t r i c a l  model t o  determine t h e  r e s u l t a n t  

e l e c t r i c  p o t e n t i a l s .  

Th is  procedure has been implemented wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 2-0 t ransmiss ion 

sur face a lgo r i t hm f o r  t h e  s o l u t i o n  3 f  p o t e n t i a l  problems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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YllYERICAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY03ELING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The t ransmiss ion surface a lgo r i t hm f o r  t h e  DC p o t e n t i a l  problem 

i s  g iven i n  Madden (1971). A b r i e f  rev iew i s  g iven here s t a r t i n q  w i t h  

t h e  general p o t e n t i a l  f l o w  equat ions,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r = - L Q  , 

and Q * r =  S 

where I' i s  t h e  f l u x ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 i s  t he  p o t e n t i a l ,  S i s  t he  source and L i s  t h e  

"conduc t i v i t y " .  When L i s  independent o f  y ( s t r i k e  d i r e c t i o n ) ,  

equat ions 8 and 9 can be Four ie r  (cos ine)  t ransformed i n  the  y -  

d i r e c t i o n  g i v i n g  

The f l u x  and t h e  p o t e n t i a l  a r e  i n  general 3 dimensional, 

depending on t h e  na ture  o f  t h e  source. Equations 10, 11, and 12 can 

be approximated b y  1 umped-el ement rectangul  a r  network (F igure  2)  and 

t h e  d i f f e r e n c e  equat ion a t  a node i s  

where Yx = L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA Z/  A X 

9 



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Y, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA X /  A Z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y =  x2 A X A Z ,  

i = l . . . n  , 

and j = l . . .m . 

The set  of n o m  node equations can be reorganized into the matr ix 

equation 

c 3  = s 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc = coefficent matrix [n*mxn*ml  , 

3 = node potential vector ( n o m )  , 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS = node source vector ( n e m )  

I 

One method of solution of equation 17 i s  outlined by Swift (1967), who 

also provided the code (Swift, personal comm.). The f inal solution i n  

x,y,z space i s  obtained by a n  inverse Fourier transform of a sui te  of 
I 

j 3 ( A )  solutions. I 

i 
The solut ion of the coupled problem requires three models f o r  the 

physical properties, the primary flow res is t iv i ty  (L11'1), the voltage 

cross-coupling coefficients (C21 = pL21) and the electr ical 

res is t iv i ty  ( p ) .  For each A value, the primary f low potentials ( 3  ) 

I 
I 

j 
~ 

I 

are computed for the primary model given a source distribution. From 

the divergence equation 7 ,  the electr ical  source terms are calculated 

a t  each node. I n  the lumped c i rcu i t ,  the divergence equation 13 i s  

used with L replaced b y  the cross coupling coefficients L21. 

l as t  step, the electr ical source terms calculated i n  the previous step 

I n  the 

are used w i t h  the res is t iv i ty  model t o  determine the electr ical  

10 



p o t e n t i  a1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs ($ ) . 
The s o l u t i o n  o f  these problems i s  formulated i n  equat ion 17 i n  

terms o f  a f l o w  source which i s  commonly taken as a p o i n t  source. 

F i n i t e - l e n g t h  l i n e  source d i s t r i b u t i o n s  can be e a s i l y  computed by  

s imple convo lu t i on  of t h e  p o i n t  source s o l u t i o n  a long t h e  source l i n e .  

I n  o ther  app l i ca t i ons ,  a s p e c i f i e d  p o t e n t i a l  d i s t r i b u t i o n  ( g i r i c h l e t  

boundary c o n d i t i o n )  r a t h e r  than  f l o w  source d i s t r i b u t i o n s  may be 

des i rab le .  

d i s t u r b i n g  t h e  formal s o l u t i o n  of equat ion 17, i s  o u t l i n e d  i n  K i l l p a c k  

and Hohmann (1979). 

A simple procedure f o r  acconwl ishinq t h i s ,  w i thout  

11 



MODEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARESULTS 

The r e s u l t s  o f  t h e  model c a l c u l a t i o n  a r e  normalized t o  

dimensionless pr imary p o t e n t i a l s  ( 

p o t e n t i  a1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs (Vn) def  i ne4 bel  ow 

n) and dimensionless e l e c t r i c  

and 

where a = s i z e  scale,  l e n g t h  dimension o f  one model u n i t  

and I s  = source f o r  pr imary f l o w ,  i n  u n i t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  T 1  x area. 

The t r u e  p o t e n t i a l s  ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  4 ) can be obtained by m u l t i p l i c a t i o n  b y  t h e  

appropr ia te  f a c t o r ,  t a k i n q  care  t o  use a cons is ten t  s e t  o f  u n i t s .  One 

r e s u l t  of modeling w i t h  t h e  vo l taqe-coupl ing c o e f f i c i e n t  (CZ1) i s  t h a t  

t h e  induced c u r r e n t  sources a r e  i n v e r s e l y  p ropor t iona l  t o  t h e  

r e s i s t i v i t y  (Lz l  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC z l / p ) .  Since t h e  vo l tage i s  p ropor t iona l  t o  t h e  

c u r r e n t - r e s i s t i v i t y  product, t h e  r e s u l t a n t  model vo l  taqes depend o n l y  

on r e s i s t i v i t y  r a t i o s .  That zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s ,  t h e  same m t e n t i a l s  w i l l  r e s u l t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 

a l l  models t h a t  d i f f e r  o n l y  by a m u l t i p l i c a t i v e  f a c t o r  i n  a l l  t h e  

model res  i s t  i v i  t i es . 
I n  t h e  models t h a t  f o l l o w  t h e  d is tance scales a r e  g iven i n  u n i t s  

o f  a and t h e  model parameters a r e  g iven as r e s i s t i v i t i e s  and v o l t a g e  

coup l ing  c o e f f i c i e n t s  where p = e l e c t r i c a l  r e s i s t i v i t y ,  p t  = thermal 

r e s i s t i v i t y ,  pp = h y d r a u l i c  r e s i s t i v i t y  o r  i m p e r v e a b i l i t y  and c = 

vol tage coupl ing c o e f f i c i e n t .  

unspec i f ied  i n  most o f  t h e  models, can be any cons is ten t  s e t  or ,  

The parameter u n i t s ,  which are  



a l t e r n a t i v e l y ,  they can be considered dimensionless. 

a parameter i s  unspeci f ied,  i t s  va lue i s  u n i t y .  

I f  t h e  va lue  o f  

Surface boundary cond i t ions  f o r  t h e  pr imary problem r e q u i r e  

c a r e f u l  cons idera t ion  as t h e  form of t h e  f l o w  near t h e  a i r - e a r t h  

i n t e r f a c e  can have a profound e f f e c t  on t h e  r e s u l t a n t  e l e c t r i c  

p o t e n t i a l s .  For  temperature problems t h e  appropr ia te  boundary 

c o n d i t i o n  i s  a constant temperature, which i s  taken as zero. Wi th  

t h i s  boundary c o n d i t i o n  t h e r e  i s  a normal f l u x  o f  heat  a t  t h e  sur face  

and t h e r e  w i l l  be induced e l e c t r i c a l  sources here, i f  t h e  sur face 

medium has a non-zero coup l inq  c o e f f i c i e n t .  

While i t  i s  c o r r e c t  t h a t  t h e  excess Dressure i s  zero from t h e  

water t a b l e  up t o  t h e  surface, u n c r i t i c a l  use of t h e  zero sur face 

pressure boundary c o n d i t i o n  i n  p o t e n t i a l  - f l  ow problems o f t e n  r e s u l t s  

i n  a non-zero normal g rad ien t  and t h e r e f o r e  a f l u i d  f l o w  a t  t h e  

a i r - e a r t h  i n t e r f a c e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs was noted i n  S i l l  and Johng zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1979), i t  i s  

much more impor tant  t o  model t h e  f l o w  qeometry which i s  predominant ly 

h o r i z o n t a l  near t h e  surface o r  t h e  water t a b l e .  Hor izon ta l  f l u i d  f l o w  

a t  t h e  sur face i n  a p o t e n t i a l - f l o w  problem r e q u i r e s  a zero v e r t i c a l  

gradient  o f  t h e  pressure. 

produced b y  g i v i n g  t h e  a i r  a van ish ing ly  smal l  h y d r a u l i c  permeab i l i t y .  

A water t a b l e  below t h e  sur face can be modeled w i t h  a t h i n ,  very  low- 

p e r m e a b i l i t y  l a y e r  o v e r l a i n  b y  more permeable near-surface m a t e r i a l  . 

I n  t h e  models, zero v e r t i c a l  g rad ien ts  a r e  

I n  e f f e c t  t h e  modeled f l o w  i s  confined by impermeable l a y e r s  r a t h e r  

than having t h e  f l o w  deviated b y  v a r i a t i o n s  i n  t h e  h e i g h t  o f  t h e  water  

tab1 e. 
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Figures 3 and 4 show t h e  vo l tage i n  a v e r t i c a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( x ,  z plane) 

plane, generated b y  p o i n t  sources o f  pressure and temperature i n  a 

homogeneous h a l f  space. As discussed above, t h e  sur face  boundary 

c o n d i t i o n  f o r  pressure problems i s  zero normal g rad ien t  o f  pressure 

and f o r  t h e  thermal oroblem i t  i s  zero temperature a t  t h e  surface. 

Comparing these f i g u r e s  we see t h a t  t h e  pressure source produces an 

e l e c t r i c a l  anomaly a t  t he  sur face w h i l e  t h e  temperature source has an 

equ ipo ten t i a l  co inc iden t  w i t h  t h e  surface. I n  t h e  case o f  t h e  

pressure source, t h e  sur face f l u i d  f low i s  p a r a l l e l  t o  t h e  a i r - e a r t h  

i n t e r f a c e  and t h e  o n l y  induced e l e c t r i c a l  source i s  a t  t h e  pressure 

source where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPZO. For t h e  temperature problem t h e r e  a re  induced 

e l e c t r i c a l  sources a t  t h e  temperature source where V*T # 0 and a t  t h e  

surface where the re  i s  a normal f l u x  o f  heat. On t h e  surface, t h e  

induced e l e c t r i c a l  sources a t  t h e  i n t e r f a c c  exact1 y cancel t h e  e f f e c t s  

o f  t h e  source a t  depth. 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I These two cases can be solved a n a l y t i c a l l y  and they  bo th  have 

~ 

I 

zero t o t a l  cu r ren t ,  i.e., t h e  e l e c t r i c a l  c u r r e n t  e x a c t l y  cancels  t h e  

convect ion cur ren t .  The pr imary p o t e n t i a l s  and flows have t h e  same 
1 

geonetry as t h e  e l e c t r i c a l  p o t e n t i a l s  and cur ren ts .  The a n a l y t i c a l  

so lu t i ons  can a l so  he used t o  check t h e  model ca l cu la t i ons .  

Comparisons o f  r e s u l t s  show e r r o r s  of a few percent f o r  d is tances  f rom 

t h e  source g rea te r  than one u n i t ,  us ing  a model d i s c r e t i z a t i o n  of 

one-quarter . u n i t  . 
Both Nourbehecht (1963) and F i t te rman (1978) s t a t e  t h a t  t h e r e  i s  

no sur face  anomaly due t o  a p o i n t  source o f  pressure i n  a homogeneous 

ha l f  space. The reason f o r  t h i s  r e s u l t  i s  t h e i r  use o f  t h e  su r face  
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boundary condition of zero pressure. 

the total  potential equal t o  the e lect r ic  potential has lead t o  the 

use of an inappropriate boundary condition. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs we have seen above, 

the appropriate boundary condition i s  zero normal gradient n o t  zero 

pressure, i n  which case there i s  a surface anomaly. The models 

presented in Fitterman (1978, 1979) use the boundary condition of zero 

I n  this case the desire t o  have 

primary potential on the surface and as such they are appropriate only 

fo r  thermal sources even t h o u g h  he proposed them as valid solutions 

for  pressure-fl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAow prohl ems. 

Figure 5 shows the effects of pressure source location w i t h  

respect t o  a vertical boundary where there i s  a change i n  couplinq 

parameters only. 

boundary, we see t h a t  the induced electr ical sources a t  the vertical 

interface reduce the magnitude of the potential re lat ive t o  that  in a 

homogeneous ha1 f space (compare w i t h  Fiqure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  The anomaly i s ,  

however, symmetric w i t h  respect t o  the source location. Idhen the 

source i s  on the boundary (curve 2 )  the anomaly i s  reduced t o  one-half 

i t s  value in a homogeneous half space. Curve 3 shows a sharp anomaly, 

centered a t  the contact due t o  the negative induced sources a t  the 

vertical boundary, where there i s  flow into the coupling medium. 

For curve 1, w i t h  the source t o  the l e f t  of the 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 i l l us t ra tes  how changes i n  the res is t iv i ty  ra t io  

attenuate or amplify the pressure-induced anomaly w i t h  no change in 

the form. Figure 7 shows t h a t  changes i n  the "impermeability" ( p  ) 

across a vertical contact change both the amplitude and the form of 
P 

the surface anomaly. 

o f  Figure 6 i s  shown i n  Figure 8. 

A thermal model, similar t o  the pressure model 

Here, w i t h  a homogeneous 
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r e s i s t i v i t y  s t r u c t u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( p i / p 2  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl ) ,  t he  sur face  anomaly has a 

symmetric.al d i p o l a r  form. The p o s i t i v e  peak i s  over  t h e  p o s i t i v e  

induced sources a t  t he  a i r - e a r t h  i n t e r f a c e  and t h e  negat ive  i s  t o  t h e  

r i g h t  o f  t h e  con tac t  and i s  due t o  t h e  V2Tf0source a t  z = 1. 

Changing the  r e s i s t i v i t y  con t ras t  a m p l i f i e s  t h e  anomaly on t h e  

r e s i s t i v e  s i d e  and reduces i t  on t h e  conduct ive side. For  a r e s i s t i v e  

r a t i o  o f  t e n  t h e  asymmetry i s  so pronounced t h a t  t he  d i p o l a r  form i s  

almost o b l i t e r a t e d .  F igure  9 shows t h e  e f f e c t s  of an overburden on 

the  v e r t i c a l  con tac t  model. Even f o r  a homogeneous r e s i s t i v i t y  t h e  

overburden produces an asymmetric d i p o l a r  form. The reduc t i on  o f  t h e  

p o s i t i v e  peak i s  due t o  t h e  induced sources a t  t h e  ho r i zon ta l  con tac t  

be ing  a t  a g rea te r  depth. Changing t h e  overburden r e s i s t i v i t y  

ampl i f ies  o r  a t tenuates t h e  form. 

Changes i n  the  quarter-space r e s i s t i v i t i e s  (F igu re  10) i n  t h e  

overburden model a l s o  produce profound e f f e c t s .  I f  t h e  coup l i ng  

medium has a r e s i s t i v i t y  l e s s  than t h e  o the r  quarter-space, t h e  

anomal i e s  a r e  e s s e n t i a l l y  monopol a r  and asymmetric. Changes i n  t h e  

pr imary f l o w  r e s i s t i v i t i e s  can a l so  produce s i g n i f i c a n t  e f f e c t s  on t h e  

form o f  t h e  anomaly (F iqure  11). 

monopolar t o  d i p o l a r  as t h e  thermal r e s i s t i v i t y  of t h e  quarter-spaces 

i s  var ied .  

Here t h e  anomalies range from 

Although t h e  bas ic  pressure anomaly f o r  t h e  quar te r  space model 

i s  monopolar (F igures 5, 6 and 7 ) ,  a d i p o l a r  anomaly can be produced 

i f  t h e  overburden has a very  l a r g e  pe rmeab i l i t y  so t h a t  t h e r e  i s  

v e r t i c a l  f l o w  across ho r i zon ta l  boundaries (F igure  12) .  This  f l o w  

p a t t e r n  i s  then s i m i l a r  t o  the  temperature f low problem i n  t h a t  
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s i g n i f i c a n t  p o s i t i v e  e l e c t r i c a l  sources a re  induced a t  t h e  overburden 

in te r face .  

r e s i s t i v i t i e s  can a l t e r  t h i s  d i p o l a r  form. 

However, changes i n  t h e  quarter-space e l e c t r i c a l  

Monopolar temperature anomalies can be produced w i t h  h o r i z o n t a l  

boundaries ( l a y e r  over a h a l f  space) as i n  F igure  13. 

anomaly can be  changed b y  making t h e  overburden t h e  s t ronger  

cross-coupl ing medium. 

The s i g n  o f  t h e  

The i n t e r a c t i o n s  o f  p o i n t  sources w i t h  two v e r t i c a l  i n t e r f a c e s  

a r e  shown i n  t h e  d i k e  models o f  F igures 14 and 15. With a p o i n t  

source l oca ted  i n  the  center  o f  t h e  d i k e  (model 1, Figures 14 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15), 

t h e  sur face  anomaly i s  symmetrical because t h e  f l o w s  and t h e  induced 

sources a re  symmetrical w i t h  respect  t o  t h e  center  o f  t h e  d ike .  F o r  

t h e  temperature source, t h e  anomaly i s  p o s i t i v e  over  t h e  d ike ,  due t o  

the  p o s i t i v e  induced sources a t  t h e  a i r - e a r t h  i n t e r f a c e ,  w i t h  nega t i ve  

wings o f f  t o  t h e  sides. The negat ive  p o r t i o n s  a re  due t o  t h e  l a r q e r  

e f f e c t  o f  t h e  divergence of t h e  heat f l o w  from t h e  p o i n t  source when 

viewed f rom t h e  sides. Floving t h e  p o i n t  temperature source t o  t h e  

l e f t  s i de  o f  t h e  d i k e  (model 2, F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14) enhances t h e  negat ive  

e f f e c t  f rom t h e  divergence o f  heat  f l o w  and produces a d i p o l a r  form. 

A d i p o l a r  form i s  a l so  produced by a sequent ia l  increase i n  t h e  

coup l i ng  (model zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  Figure  14) .  

Reversing t h e  con t ras t  i n  t h e  thermal model 1 o f  F igure  14 so 

t h a t  c = o i n  t h e  d i k e  and c = 1 e x t e r i o r  causes a reve rsa l  i n  s igns  

o f  t h e  anomaly (no t  shown). The same reversa l  i n  con t ras t  i n  t h e  

pressure model, F igure  15-model 3, causes no change i n  t h e  s i g n  b u t  

t h e r e  i s  a change i n  t h e  form and a l a r g e  chanqe i n  t h e  magnitude. I n  
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t h i s  case the re  a re  o n l y  negat ive induced sources on t h e  planes a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0, 1 due t o  t h e  outward f low.  

Moving t h e  pressure source t o  t h e  l e f t  s i de  o f  t h e  d i k e  produces 

an asymmetric, negat ive  anomaly (model 12, Figure  15)  t h e  broad 

negat ive t o  t h e  l e f t  i s  due t o  t h e  l a r g e r  e f f e c t  o f  t h e  divergence a t  

t h e  source. A s  t h e  observat ion p o i n t  moves toward t h e  r i g h t  s i d e  t h e  

p o s i t i v e  induced source on t h e  plane a t  x = 1 r a p i d l y  cancels t h e  

e f f e c t s  o f  t h e  negat ive  e l e c t r i c a l  source a t  t h e  p o i n t  source o f  t h e  

divergence o f  t h e  f low.  

Considerat ion o f  t he  r e s u l t s  from model zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  Figure  15 i n d i c a t e s  

t h a t  t h e  Combination o f  a p o s i t i v e  pressure source a t  x = o and a 

negat ive source a t  x = 1, on e i t h e r  s i d e  o f  t h e  d ike ,  would produce a 

d i p o l a r  anomaly. 

d i k e  would tend t o  produce a d i p o l a r  f o m .  

I n  general, any r e l a t i v e l y  un i fo rm f l o w  across a 

21an views ( z  = 0) of t h e  contoured sur face  vo l tage  a r e  shown f o r  

models 1 o f  Figures 14 and 15 are  shown i n  F igu re  16. For  a 

temperature source, F igure  16a, t h e  p o s i t i v e  p a r t  o f  t h e  d i p o l a r  

anomaly i s  elongated along s t r i k e  ( y  d i r e c t i o n )  and f o r  a pressure 

source, F igu re  16b, t h e  monopolar anomaly tends t o  be elongated 

perpendicu lar  t o  s t r i k e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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cIEL9 EXAMPLE 

The Monroe-Red Hill ( U t a h )  geothermal system i s  an example of 

deep circulation along a f a u l t  zone t h a t  has been relat ively well 

s tud ied  (Mase e t  a l . ,  1978). 

area (Figure 1 7 )  showed a modest anomaly of dipolar form t h a t  

correlated reasonably we1 1 w i t h  certain features of the electr ical 

resi s t i  vity anomal y as del i neaten by d i  pol e-di pol e measurements. 

Figure 18 shows the physical properties model and the location of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 1 imited SP survey over the Red Hill 

thermal sources. The res is t iv i ty  model i s  a generalization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  models 

i n  Mase e t  a l .  (1978). The main  features are a steeply d i p p i n g  f a u l t  

separating the volcanics on the east (20nm) from the a l l uv ium on the 

west. Away from the fau l t  and near the surface the a l l uv ium i s  

moderately resist ive (25-50nm). Near the fau l t  and a t  depth the 

alluvium i s  more conductive, probably due t o  the leakage of thermal 

waters and alterat ion. The thermal res is t iv i ty  contrast between the 

volcanics and the alluvium i s  based on average values reported i n  Vase 

e t  a1 . (1978). T h e  heat source distr ibution i n  the model represents 

the circulat ion of hot water up the fau l t  and horizontal leakage into 

the alluvium. The temperature distr ibution from these sources i s  

shown i n  Figure 18b; also shown are the observed temperatures a t  25 m 

increments for  four dr i l lholes along the profi le (Mase e t  al. ,  1978). 

The dr i l lho le  temperatures have been corrected fo r  the mean 

temperature and the thermal grad ien t  (15OC/km) which are not 

represented i n  the model calculations. The calculated and observed 

temperatures and vertical heat f 1 uxes are i n reasonabl e agreement 
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cons ider ing  t h e  coarseness o f  t h e  mesh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 5  m) and t h e  f a c t  t h a t  

severa l  o f  t h e  observed heat f l u x e s  a r e  based on g rad ien t  da ta  a t  

depths l e s s  than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 m. The t o t a l  heat i n p u t  i n t o  t h e  model i s  .36MW, 

which i s  much l e s s  than  t h e  t o t a l  conduct ive heat l o s s  ( 1.5MW) f rom 

Red H i l l .  However, t h e  thermal anomaly a t  Red H i l l  i s  e longated a long 

t h e  d i r e c t i o n  o f  t h e  f a u l t .  For  a 400 m swath normal t o  t h e  f a u l t  

(about the  w id th  of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASP anomaly) t h e  t o t a l  conduct ive heat l o s s  i s  

about .5MW, which i s  o n l y  s l i g h t l y  g rea te r  than t h e  heat  i n p u t  t o  t h e  

model. 

shown i n  Figure  19. 

should be noted t h a t  t h e  observed anomaly i s  no t  e x a c t l y  symmetrical 

A comparison o f  t h e  observed and ca l cu la ted  SP anomalies a r e  

The comparison i s  reasonably good a l though i t  

about t h e  center1 ine.  The cross-coup1 i n g  c o e f f i c i e n t s  i n  t h e  model 

a re  a l l  l a r g e r  than those t y p i c a l l y  repor ted  i n  t h e  l i t e r a t u r e ,  which 

seems t o  be a common problem (F i t t e rman  and Corwin, 1981; Corwin e t  

a1 .) 1980). However, i t  should be noted t h a t  most samples repo r ted  on 

i n  t h e  pas t  were r e l a t i v e l y  una l te red  m a t e r i a l  and t h e  e f f e c t s  o f  

elevated temperatures on t h e  cross-coupl ing c o e f f i c i e n t s  a re  n o t  we1 1 

known. Increas ing  temperatures shoul zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd i nc rease t h e  c u r r e n t  

cross-coupl ing parameter through t h e  increase i n  t h e  d i f f u s i o n  

constant  b u t  f o r  t h e  vo l tage  cross-coup1 i n g  parameter t h i s  w i  11 be 

somewhat o f f s e t  by t h e  increase i n  conduc t i v i t y ,  s ince  C = L / B .  
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Summary 

An a l t e r n a t i v e  method f o r  modeling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASP based on induced c u r r e n t  

sources due t o  pr imary f lows has been presented. The method has been 

implemented us ing  a t ransmiss ion sur face a lgor i thm t h a t  prov ides 

modeling c a p a b i l i t i e s  f o r  three-dimensional d i s t r i b u t i o n s  o f  sources 

and two-dimensional s t ruc tu res .  

The model r e s u l t s  presented demonstrate t h e  bas ic  forms o f  t h e  

induced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASP response and how t h e  anomalies a r e  changed i n  form and 

ampl i tude by changes i n  t h e  model parameters. 

A f i e l d  example demonstrates t h e  j o i n t  modeling o f  thermal and SP 

data a t  Red H i l l  Hot Sprinq, Utah. Although t h e  der ived  

cross-coupl ing c o e f f i c i e n t s  might  be considered la rge ,  t h e  model ing 

technique provides a method f o r  t e s t i n q  t h e  c o n s t r a i n t s  on t h e  

phys ica l  parameters. 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACAPTIOM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure  1. 

Figure 2. 

F igu re  3. 

Figure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. 

Figure  5. 

Figure 6. 

One-dimensi onal coup1 ed f 1 ow. The d i  scon t i  nu i  t y  i n 

convect ive c u r r e n t  a t  x = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, h produce planes of c u r -  

r e n t  sources g i v i n g  r i s e  t o  a l i n e a r  p o t e n t i a l  i nc rease  

i n  reg ion  2. 

Lumped-element rec tangu lar  network 

Normalized vo l tage i n  t h e  v e r t i c a l  p lane ( y  = 0) f o r  a 

p o i n t  pressure source i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa homogeneous half-space. The 

boundary c o n d i t i o n  a t  t h e  sur face  i s  zero normal 

pressure gradient.  

= 0 ,  z = 1 and d is tances  a re  i n  u n i t s  o f  a. 

The source o f  u n i t  s t reng th  i s  a t  x 

Normalized vo l tage i n  t h e  v e r t i c a l  plane ( y  = 0) f o r  

a p o i n t  temperature source i n a homogeneous ha1 f -space . 
The boundary c o n d i t i o n  a t  t h e  surface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  zero 

temperature. 

z = 1 and d is tances a re  i n  u n i t s  o f  a. 

The source of u n i t  s t reng th  i s  a t  x = 0, 

Surface vo l tage  (y = 0 ,  z = 0) f o r  a p o i n t  pressure 

source and a v e r t i c a l  con tac t ,  l o c a t i o n  o f  t h e  source 

v a r i e s  w i t h  respect t o  t h e  contact .  

Surface vo l tage (y = 0 ,  z = 0 )  f o r  a p o i n t  temperature 

source and a v e r t i c a l  con tac t ,  v a r i a t i o n s  i n  t h e  

r e s i s t i v i t y  r a t i o  across t h e  contac t .  
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Figure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. 

Figure  8. 

Figure 9. 

Figure 10. 

F igure 11. 

' F i g u r e  12. 

F igure 13. 

Surface vo l tage ( y  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, z = 0) f o r  a p o i n t  pressure 

source and a v e r t i c a l  contact .  V a r i a t i o n s  i n  t h e  

permeab i l i t y  across t h e  contact .  

Surface vo l tage ( y  = 0, z = 0) f o r  a p o i n t  temperature 

source and a v e r t i c a l  contact .  V a r i a t i o n s  i n  t h e  

r e s i s t i v i t y  r a t i o  across t h e  contact .  

Surface vo l tage ( y  = 0, z = 0) f o r  a p o i n t  temperature 

source and a v e r t i c a l  contact  - overburden model. 

V a r i a t i o n s  i n t h e  overburden r e s i  s t i  v i  t y  . 

Surface vo l tage ( y  = 0, z = 0) f o r  a p o i n t  temperature 

source and a v e r t i c a l  contact-overburden model. 

V a r i a t i o n s  i n  t h e  quarter-space r e s i s t i v i t i e s .  

Surface vo l tage (y = 0, z = 0) f o r  a p o i n t  temperature 

source and a v e r t i c a l  contact-overburden model. 

V a r i a t i o n s  i n  t h e  quarter-space thermal r e s i  s t i  v i  tes.  

Surface vo l tage (y = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ,  z = 0) f o r  a p o i n t  pressure 

source and a v e r t i c a l  contact-overburden model . High 

permeabil i t y  overburden and v a r i a t i o n s  i n  t h e  q u a r t e r -  

space r e s i  s t i  v i  tes.  

Surface vo l tage ( y  = 0, z = 0) f o r  a 

source and an overburden model. Var 

source l o c a t i o n .  

p o i n t  temperature 

a t i o n s  i n  t h e  
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Figure  14. 

F igure  15. 

F igure  16. 

F igure 17. 

Figure  18. 

F igure 19. 

Surface vo l tage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( y  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, z = 0) f o r  a p o i n t  temperature 

source and a d ike.  V a r i a t i o n s  i n  t h e  source l o c a t i o n s  

and coup1 i ng parameters. 

Surface vo l tage  (y = 0, z = 0) f o r  a p o i n t  pressure 

source and a d ike.  Va r ia t i ons  i n  t h e  source l o c a t i o n s  

and coup l i ng  parameters. 

Contours o f  sur face vo l tage ( x ,  y plane, z = 0) f o r  

p o i n t  sources and a dike. ( a )  P o i n t  temperature source 

(model 1, Fiqure  14) ( 5 )  Po in t  pressure source (model 

1, Figure  15) .  

P lan map o f  SP anomaly a t  Red H i l l  Hot Spring, Utah. 

( a )  Phys ica l  p r o p e r t i e s  used t o  model t h e  da ta  a t  

Red H i l l  ( b )  Comparison o f  t h e  observed and c a l c u l a t e d  

temperatures a t  Red H i l l .  

Comparison o f  t h e  observed and modeled SP anomaly a t  

Red H i l l .  blodel p r o p e r t i e s  i n  F igu re  15a. 
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